The genome of a herpesvirus highly pathogenic to rabbits, leporid herpesvirus 4 (LHV-4), was 35 analyzed using high-throughput DNA sequencing technology and primer walking. The 36 assembled DNA sequences were further verified by restriction endonuclease digestion and 37
5 BamHI and 14 EcoRI restriction sites within the UL. Since no EcoRI site was predicted in RL, 125
RS and US, the terminal RL and internal RL should be included in EcoRI fragments (EcoRIa and 126
EcoRIb) at about 4 kb and 31 kb, respectively, when UL1 is adjacent to the terminal RL (Fig.  127   1A ), or about 10 kb and 25 kb, respectively, when UL56 is adjacent to terminal RL (Fig. 1B) . 128
To confirm this prediction, EcoR I digested viral DNA fragments were hybridized by DNA 129 probes selected from RL (ICP0) and RS (ICP4) (Fig. 1) . When the EcoRI digested viral DNA 130 was hybridized with the ICP0 probe, the predicted EcoRI DNA fragments at 4, 10, 25, and 31 kb 131 were all hybridized (Fig. 3) . When the ICP4 probe was used, only the predicted EcoRI fragment 132 at 25 kb and 31 kb hybridized (Fig. 3) . Collectively, these results agree with our predictions 133 based on bioinformatic assembly (Fig. 1) . To confirm these hybridization results, the digested 134 viral DNA was probed again with probes ICP0, ICP4, UL56, and US1 sequentially on a single 135 blot membrane. The UL1 probe which was hybridized to a different blot under the same 136 conditions as the others (shown in Fig. 4 ). UL1 probe is selected within UL1 gene before the 137
EcoRIa restriction site (Fig. 1) . When the UL1 probe was used, only two bands around the 138 predicted sizes were hybridized in viral DNA digested with EcoRI: the large band is about 25 kb 139 (open arrow), while the smaller band is around 4 kb (solid arrow) (Fig. 4, UL1 ). UL56 probe is 140 selected within UL56 gene after the EcoRIb restriction site (Fig. 1) . When the UL56 probe was 141 used, only a 10 kb (solid arrow) or a 31 kb (open arrow) EcoRI fragment was hybridized UL56, lane with nucleocapsid DNA). Both UL1 and UL56 hybridization results agree with the 143 predicted fragment lengths as shown in Fig. 1 . The first EcoRIa site is about 1 kb from the RL, 144 while the last EcoRIb site is about 7 kb from the RL (Fig. 1) ; therefore, it is calculated that 145
EcoRI fragments hybridized by the UL56 probe are about 6 kb larger than those hybridized by 146 the UL1 probe (Fig. 4) . When US1 and ICP4 probes were used, only the predicted EcoRI 147 fragments at 25 kb and 31 kb were hybridized, which suggest that ICP0, ICP4, and US1 are all 148 hybridized to the same EcoRI fragments. It also suggests that, the internal RL, both RS repeats, 149
and US are on a single EcoRI fragment. Since the digested DNA was run in 1% agarose at 150 2.5V/cm for only 16h, the 25 kb and 31 kb fragments were close to each other as single big thick 151 band (Fig. 4 , arrow on panels ICP0, ICP4 and US1), however they are seen separately in 0.7% 152 agarose gel run at 2.5V/cm for 24 h (Fig. 3, (Fig. 1C and 1D ). When the ICP0 probe was used, only 158
BamHI fragments ranging from 4 to 5.5 kb were hybridized which were close to the predicted 159 size. When ICP4 probe was used, only a 19 kb BamHI fragment was hybridized. Probe UL56, 160 which is located between the two BamHI sites at 95979 and 98273 downstream of the last 161
EcoRIb site, hybridized to the expected 2294 bp BamHI fragment. When the US1 probe was 162 used, only the 19 kb BamHI fragment was hybridized as the ICP4 probe did. Again, this suggests 163 that both RS and US are presenton the same BamHI fragment. These results again agreewith 164 predictions based on the assembled DNA sequence. It was also observed that the ICP0 probe 165 hybridized to the heterogeneous BamHI fragments between 4 to 6 kb ( Fig. 4) , which suggests 166 that the inverted repeats may harbor a repeat array that is heterogeneous in the number of repeats 167 near the end of the genome. In addition, it is possible that the end of genome is heterogeneous. 168
No report is available that explains how the end of the viral genome is protected from being 169 recognized or repaired as "damaged DNA." It is also possible that during replication, some of the 170 newly synthesized genomes were not fully protected and were mistakenly recognized as 171 damaged DNA, resulting in heterogeneous terminal sequences. 172
173
Genome characteristics: The size of the LHV-4 genome was previously estimated by pulse 174 field gel electrophoresis to be between 112 and 130 kbp (Jin et al., 2008a) , and the DNA 175 sequence analysis and mapping resulted in a size within this range. The average genome size of 176 simplexviruses is about 150 kb. Most simplexviruses have a UL at about 118 kb, whereas the 177 LHV-4 UL is only about 96 kb. In addition, RL is about 35% the size of RL of primate 178 simplexviruses (Table 2) and RS is about 30% smaller than RS of primate simplexviruses. Taken 179 together these contribute to the 16 kb difference in observed genome size between LHV-4 and 180 other simplexviruses. Although LHV-4 has a smaller genome, orthologs of 69 open reading 181 frames (ORFs) known to encode proteins in Simplexvirus were predicted from the LHV-4 182 genome by Glimmer3 software (Table 1 and Fig. 2 ). The comparison of LHV-4 is made to 183 HHV-2 and CeHV-2, since LHV-4 is a little closer to them based on distance matrix analysis 184 of UL40 (Table 3) . Both LHV-4 ICP0 and ICP4 are smaller than those of primate 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   7   simplexviruses (Tables 1 and 2 acid identity between cercopithecine herpesviruses 1 (CeHV-1) and HHV-1 (Perelygina et al., 218 2003) . The US5 encodes glycoprotein J (gJ) (Ghiasi et al., 1998) which may have anti-apoptosis 219 activity during infection (Jerome et al., 2001 ). Interestingly, LHV-4 does not replicate well in 220
Vero cells, and apoptosis is induced by 48 hpi in these cells (data not shown). An ortholog of 221 ICP34.5 (RL1) was also not identified; ICP34.5 is required for neuronal virulence for HHV-1 222 (Bolovan et al., 1994; Orvedahl et al., 2007; Perng et al., 1995; Thompson and Stevens, 1983) . 223
The lack of ICP34.5 has been observed in some simplexviruses from primates, such as 224 cercopithecine herpesviruses (CeHV-1, CeHV-2, and CeHV-16) (Perelygina et al., 2003; Tyler 225 et al., 2005; Tyler and Severini, 2006) . This supports the hypothesis that a different pathogenic 226 mechanism may have developed in human simplexviruses after their divergence from monkey 227 simplexviruses (Tyler et al., 2005) . 228 229 The LHV-4 has an "a" sequence predicted to be 379 bp, and its repeat profile is different from 230 Although there may be two "a" sequence present in the RL-RS junction based on the Southern 236 hybridization data obtained with ICP0 probe (Fig. 4) , only one copy of the "a" sequence was 237 included in the final genome assembly, which may cause the whole genome to be slightly 238 smaller than the actual size. The overall nucleotide composition of the LHV-4 genome is about 239 67% G+C. This study shows that LHV-4 has the smallest simplexvirus genome characterized to 240 date. 241 242
Gene conservation in simplexviruses:
The most conserved genes in the LHV-4 genome are the 243 helicase-primase subunit (UL5); the DNA packaging terminase subunit 2 (UL15 exon 2); the 244 capsid protein (UL18) and major capsid protein (UL19); and the small subunit of ribonucleotide 245 reductase (UL40). The amino acid sequences of these genes have above 70% identity to those of it plays essential roles in virus attachment, penetration, membrane fusion, and cell-to-cell 254 spreading (Cai et al., 1988; Pereira, 1994) . In addition, gB serves as a major antigenic 255 determinant of host tropism (Gerdts et al., 2000) . Analyses of the amino acid sequences of gB 256 orthologs of herpesviruses show that the carboxy-terminal hydrophobic region is conserved. 257 LHV-4 encodes a predicted ortholog of gB of 878 aa, which has 60% or more identity to various 258 simplexviruses (Table 1) . 259 260 Although it is thought that many viruses including members of the Herpesviridae undergo host 261 dependent evolution, the relationship of simplexviruses supports a more complex phylogeny (Fig  262   6 ). The simplexviruses clearly form a distinct lineage with a probability value of 1, 263 distinguishing them from a representative example of a mardivirus (GaHV-2) and a distant 264 betaherpesvirus, tupaia herpesvirus 1 (tree shrew) (THV-1). Within the simplexviruses, the 265 cercopithicine (old world monkeys) (CeHV-2), CeHV-16 , macacine (McHV-1) and human 266 herpesviruses (HHV-1 and HHV-2) form a well-supported lineage. However, other primate 267 viruses such as the new world ateline (AtHV-1) and saimiriine (SaHV-1) monkey lineage, are 268 distinct from the other simplexviruses. In contrast, BHV-2, LHV-4 and MaHV-1 are grouped 269 with the old world human-cercopithicine lineage with a high degree of confidence. The 270 phylogenetic analyses might reflect a complex evolution that could have involved cross-infection 271 between disparate species (marsupials, rabbits, cattle, and primates) to result in the pattern 272 observed. 273 274 LHV-4 has not been found to be associated with any major disease outbreak in wild lagomorphs 275 or other animals (Jin et al., 2008b) . However, in addition to the original outbreak in domestic 276 rabbits, in Alaska in 2006, an isolated LHV-4 infection has been recently reported in a pet rabbit 277 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 supplemented with 10% fetal bovine serum (FBS) (Invitrogen), penicillin (100 U/ml), and 288 streptomycin (100 μg/ml) (Sigma-Aldrich, Inc.,) at 37°C with 5% CO 2 in a humidified incubator. 289 LHV-4 was initially isolated from frozen skin samples with hemorrhagic lesions from an 290 affected rabbit from the 2006 outbreak in Wasilla, Alaska (Jin et al., 2008b) . We named this 291 LHV-4 strain "Wasilla". 292
Purification of viral DNA: Viral DNA was obtained from the plaque-purified virus that was 293 only passed once to avoid genetic variations between multiple passages. No difference in DNA 294 sequence was observed in PCR products amplified from the plaque purified virus and the second 295 passage virus. LHV-4 was propagated in RK cells maintained in DMEM supplemented with 5% 296 calf serum and antibiotics as above. Confluent cell monolayers were infected with plaque-297 purified virus at an MOI of 0.1. Viral DNA was extracted from either purified virions or from 298 purified intracellular nucleocapsids as previously described (Jin et al., 2000) . 299
Determination of the LHV-4 genome size by Field Inversion Gel Electrophoresis (FIGE). 300
Purified LHV-4 virions were washed once with PBS, and mixed with 1% low-melting-301 temperature agarose and poured into a plug mold apparatus. Agarose plugs were treated with 10 302 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 sequence data (Chevreux, 1999) . In addition, 454 data was combined with Sanger sequence data 340 from PCR reactions to assemble the inverted repeat sequence. Overlapping contigs were bridged 341 using custom computer scripts to incorporate raw sequence reads onto the overlaps and imported 342 into the Geneious software platform (Biomatters Ltd). Contigs were also compared to longer 343 assemblies using the Cap3 assembly package with agreement (Huang and Madan, 1999 
html). 347
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